Synthesis and crystal structures of (fulvalene)W2(SH)2(CO)6, (fulvalene)W2(mu-S2)(CO)6, and (fulvalene)W2(mu-S)(CO)6-low valent tungsten carbonyl sulfide and disulfide complexes stabilized by the bridging fulvalene ligand 
Introduction
The goal of this work was to begin the investigation of the basic sulfur chemistry of fulvalene bridged group metal-metal complexes of group VI. The reactions of analogous cyclopentadienyl systems has yielded a number of interesting dimeric structural types as shown have been prepared by the groups of Legzdins, 1 Goh, 2 and Herrmann, 3 whereas cyclopentadienyl molybdenum sulfido complexes of the type D-F have been investigated by the groups of Rakowski Dubois 4 and Wachter. 5 The crystal structure of Cp(CO) 3 W-S-W(CO) 3 Cp has been reported, 6 as well as that of the mixed valence complex Cp 2 W 2 (CO) 2 (S 2 ).
5
There are no published structures of fulvalene (Fv) complexes analogous to those shown in Scheme 1 for the more familiar cyclopentadienyl systems of the group VI metals. Such compounds could conceivably display quite distinct scaffolds and reactivities due to additional 3 constraints imposed on metal stereochemistry by the bridging fulvalene ligand. In fact, to the authors' knowledge, the only structural data on a fulvalene bridged sulfido complex are for the Zr(IV) dimer (Fv)(CpZrS) 2 .
7
Recently we described the structural and calorimetric study of sulfur atom insertion 8 into group VI metal hydrides as shown in eq 1, as well as physical studies of oxidative addition 9 of H 2 to the fulvalene bridged Cr-Cr bonded dimer shown in eq 2:
H-M(CO) 3 (C 5 R 5 ) + 1/8 S 8 → H-S-M(CO) 3 (C 5 R 5 )
FvCr 2 (CO) 6 + H 2 → FvCr 2 (H) 2 (CO) 6 (2) This paper describes our first investigations of the chemistry of fulvalene group VI metal sulfur containing complexes, including synthetic, structural, and calorimetric studies of the complexes FvW 2 (SH) 2 (CO) 6 , FvW 2 (µ-S 2 )(CO) 6 , and FvW 2 (µ-S)(CO) 6 .
During the course of this work, Shaver and Kovács 10 reported the synthesis of FvW 2 (SH) 2 (CO) 6, as shown in reaction 3, and other examples of the sulfur chemistry of Fv dimetals are scarce. Spectroscopic monitoring of the reaction by FTIR showed it to be complete in less than 1 min.
To this solution was added 20 mL of degassed heptane. Storing at 0 °C resulted in precipitation of an orange crystalline solid that was spectroscopically pure (0.383g, 69% 6 . Data were collected at 173 K on a Siemens SMART PLATFORM equipped with a CCD area detector and a graphite monochromator utilizing Mo K α radiation (λ = 0.71073 Å). Cell parameters were refined using up to 8192 reflections. A hemisphere of data (1381 frames) was collected using the ω-scan method (0.3° frame width). The first 50 frames were remeasured at the end of the data collection to monitor instrument and crystal stability (maximum correction on I was < 1 %). Absorption corrections by integration were applied based on measured indexed crystal faces.
The structure was solved by the direct methods in SHELXTL5 [Sheldrick, G. M. (1998 refined. The locations of the hydrogens bonded to sulfur in the dithiol were neither included nor refined during least squares calculations. The ditungsten dithiol is oriented in the trans configuration of the fulvalene, with a W-S bond distance of 2.504 Å. It is located on a crystallographic inversion center and the fulvalene ligand constrained to planarity. In contrast, the ditungsten disulfide complex is bonded cis with a measured dihedral angle between the cyclopentadienyl planes of the fulvalene of 150º. A total of 371 parameters were subjected to the final cycle of refinement using 2366 reflections with I > 3σ(I) to yield R 1 and wR 2 of 3.2% and 3.2%, respectively. Refinement employed F 2 . , spectra data quite distinct from those for FvW 2 (S 2 )(CO) 6 described above.
Reaction of
Data were collected at 173 K on a Siemens SMART PLATFORM equipped with a CCD area detector and a graphite monochromator utilizing Mo K α radiation (λ = 0.71073 Å). Cell parameters were refined using up to 8192 reflections. A hemisphere of data (1381 frames) was collected using the ω-scan method (0.3° frame width). The first 50 frames were remeasured at the end of the data collection to monitor instrument and crystal stability (maximum correction on I was < 1%). Absorption corrections by integration were applied based on measured indexed crystal faces. Examination of the thermograms indicated that this side reaction did not significantly alter the measured enthalpy of the primary process, as it appeared to be nearly thermoneutral (slightly endothermic) and thus of minor consequence to the integrated heat of reaction. Nevertheless, because of its occurrence, the experimental error in this measurement is increased by 1 kcal/mol to yield ∆H = -8.2 + 1.6 kcal/mol. 6 .
Results and Discussion
The fulvalene bridge between two transition metals constitutes a scaffold that is continuing to give rise to unusual dinuclear complex chemistry. [9] [10] [11] [12] [13] It is therefore surprising that sulfur as an element has played a very limited role in these investigations, 7, 10, 11 shown in Figure 1 .
Two reactions of FvW 2 (SH) 2 (CO) 6 were investigated in this report and are shown in eqs 6 and 7. The reduction of azobenzene was performed in analogy to the work of Dubois 4 in reaction 5.
The complex FvW 2 (µ-S 2 )(CO) 6 was characterized by IR and NMR spectroscopic data, as well as by X-ray crystallography as discussed below. Exposure of FvW 2 (SH) 2 (CO) 6 to two equivalents of the chromium radical as shown in eq 7 also yielded FvW 2 (µ-S 2 )(CO) 6 with spectroscopic properties identical to those observed for the tungsten sulfide from eq 6. The other reaction products [PhNH-NHPh and HCr(CO) 3 C 5 Me 5 , respectively] were identified spectroscopically to confirm the stoichiometry of the respective transformations. The rate of conversion of FvW 2 (SH) 2 (CO) 6 in the presence of PhN=NPh was significantly lower than that in the presence of •Cr(CO) 3 C 5 Me 5 . Thus, with both reagents in mM concentrations, reaction 6 occurred slowly over a period of hours, whereas the H atom transfer of eq 7 was complete within minutes.
Additional kinetic studies of these processes are planned.
The crystals obtained from the mixtures in eqs 6 and 7 yielded different structures, despite the similarity of the spectra recorded for the crude product solutions. The crystals grown from reaction 6 were deep purple and a crystal structure determination showed them to be a cocrystallisate of FvW 2 (SH) 2 (CO) 6 and FvW 2 (µ-S 2 )(CO) 6 in a 1:2 ratio. The molecular packing is shown in Figure 2 and a view of only the FvW 2 (µ-S 2 )(CO) 6 part in Figure 3 .
Figure 2 and 3 here
Attempts to crystallize FvW 2 (µ-S 2 )(CO) 6 by layering a sample of the reaction mixture obtained in reaction 7 with heptane over a period of 2 weeks, led to the isolation of well formed orange crystals of FvW 2 (µ-S)(CO) 6 . The structure of this complex is shown in Figure 4 . It is likely that this compound is the result of sulfur atom transfer from FvW 2 (µ-S 2 )(CO) 6 to HCr(CO) 3 C 5 Me 5 . Indeed, a calorimetric study of reaction 7 indicated the occurrence of slow reduction of FvW 2 (µ-S 2 )(CO) 6 to FvW 2 (µ-S)(CO) 6 when excess •Cr(CO) 3 C 5 Me 5 was present. It was only through isolation of crystals of FvW 2 (µ-S)(CO) 6 that identification of this product was accomplished, and the details of the reduction of FvW 2 (µ-S 2 )(CO) 6 by HCr(CO) 3 C 5 Me 5 are not known. Figure 1 is that expected for a trans-fulvalene system devoid of metal-metal or bridging ligand bonds. The two SH groups are distant in this conformation. However, it is clear that rotation around the C1-C1A bond of the bridging fulvalene ligand allows for intramolecular contact and hence reactivity. This structure was also ascertained in the cocrystallisate of FvW 2 (µ-S 2 )(CO) 6 and FvW 2 (SH) 2 (CO) 6 from reaction 6. As shown in Table 1 , the data for the two determinations are in reasonable agreement and similar to those of the related complex C 5 Me 5 W(CO) 3 SH. 8 It is apparent that the microenvironment around the metals is essentially the same for the three compounds. This distance is reduced to 4.14 Å in FvW 2 (µ-S)(CO) 6 . The structural parameters of the coordinated disulfide appear to in the rather wide range reported for other bridging disulfide complexes. 16 The two component Cp rings deviate significantly from coplanarity, a further indication of potential strain. 6 . The enthalpy of eq 3 was measured by solution calorimetry, and the value of ∆H = -19.2 + 1.8 kcal/mol in THF solution is slightly less negative than that measured for sulfurization of two molecules of C 5 H 5 W(CO) 3 H, ∆H = -22.4 + 0.6 kcal/mol. 8 The difference (1.6 kcal/mol per reacting W-H unit) is near the limits of experimental error, indicating that the W centers in the fulvalene system operate essentially independently and that there is no significant strain associated with their conversion to dithiol.
Enthalpy of Sulfur Atom Insertion into FvW 2 (H) 2 (CO)
Enthalpy of Hydrogenation of FvW 2 (µ-S 2 )(CO) 6 . The enthalpy of reaction 7 was measured by solution calorimetry in toluene and found to have a value of ∆H = -8.2 + 0.6 kcal/mol. As reported in the experimental section, a slow side reaction occurred to a varying extent, shown in eq 10. It was judged to insignificantly influence the measured enthalpy of 
estimated, 18 it would not be expected to overcome the favorable enthalpy, implying that eq 12
should proceed, of interest in light of the fact that the molybdenum complex shown in eq 4 16 readily adds H 2 at atmospheric pressure. However, attempts to reduce this notion to practice were unsuccessful, even at H 2 pressures up to 68 atm for several days.
Conclusions
This paper reports the first structural characterization of fulvalene derivatives of W that incorporate sulfur into the coordination chemistry of the metal: FvW 2 (SH) 2 (CO) 6 FvW 2 (µ-S 2 )(CO) 6 , and FvW 2 (µ-S)(CO) 6 . The results, while constituting a modest foray, point to a complex, but rich chemistry that lies in store in our efforts to extend them.
Although it would be premature to generalize, it appears that the qualitative and quantitative changes often effected by linking the two Cp rings in (CpM) 2 complexes to give the FvM 2 frame will also be noticeable in the structure and chemistry of their respective sulfur derivatives. Such will be the essence of future investigations.
